SUMMARY ATF2 Q11 and ATF7 are critically required to mediate intestinal epithelial repair after damage.
BACKGROUND & AIMS: Activation factor-1 transcription factor family members activating transcription factors 2 and 7 (ATF2 and ATF7) have highly redundant functions owing to highly homologous DNA binding sites. Their role in intestinal epithelial homeostasis and repair is unknown. Here, we assessed the role of these proteins in these conditions in an intestine-specific mouse model.
METHODS:
We performed in vivo and ex vivo experiments using Villin-Cre ERT2 Atf2 fl/fl Atf7 ko/ko mice. We investigated the effects of intestinal epithelium-specific deletion of the Atf2 DNA binding region in Atf7 -/mice on cellular proliferation, differentiation, apoptosis, and epithelial barrier function under homeostatic conditions. Subsequently, we exposed mice to 2% dextran sulfate sodium (DSS) for 7 days and 12 Gy whole-body irradiation and assessed the response to epithelial damage.
RESULTS: Activating phosphorylation of ATF2 and ATF7 was detected mainly in the crypts of the small intestine and the lower crypt region of the colonic epithelium. Under homeostatic conditions, no major phenotypic changes were detectable in the intestine of ATF mutant mice. However, on DSS exposure or whole-body irradiation, the intestinal epithelium showed a clearly impaired regenerative response. Mutant mice developed severe ulceration and inflammation associated with increased epithelial apoptosis on DSS exposure and were less able to regenerate colonic crypts on irradiation. In vitro, organoids derived from double-mutant epithelium had a growth disadvantage compared with wild-type organoids, impaired wound healing capacity in scratch assay, and increased sensitivity to tumor necrosis factor-a-induced damage.
CONCLUSIONS: ATF2 and ATF7 are dispensable for epithelial homeostasis, but are required to maintain epithelial regenerative capacity and protect against cell death during intestinal epithelial damage and repair. (Cell Mol Gastroenterol Hepatol 2020;-:---; https://doi.org/10.1016/ j.jcmgh.2020.01.005) T he intestinal epithelium allows the absorption of nutrients while at the same time providing the first line of defense against luminal threats such as noxious signals and pathogenic bacteria. 1 To support these essential functions, the intestinal epithelium is renewed rapidly and this process of renewal is tightly regulated by several mitogenic and morphogenic signaling pathways. 2 Intestinal epithelial stem cells reside at the bottom of so-called crypts, where they give rise to absorptive enterocytes 3 and secretory cells such as goblet cells, which secrete a protective mucus layer; hormone-secreting endocrine cells; and Paneth cells, which are unique to the small intestine. [4] [5] [6] Several signaling pathways that regulate intestinal epithelial homeostasis and response to damage have been identified. Many of those belong to morphogenetic signaling families such as the Wnt Q15 , Hedgehog, and bone morphogenetic protein families. 7 At the level of the epithelial cell these signals define cellular phenotype by tightly regulating the transcriptome through a set of key transcription factors.
Activating transcription factor 2 (ATF2) belongs to the large activation factor-1 (AP-1) transcription factor family. ATF2 can form homodimers as well as heterodimers with other AP-1 family members such as c Q16 -Jun. In intestinal homeostasis, inflammation, and cancer, the critical function of c-Jun has been studied extensively. [8] [9] [10] [11] [12] [13] ATF2 is one of the potential heterodimer partners of c-Jun and is known to be regulated by pathways that play a critical role in the intestinal epithelium such as the Wnt and bone morphogenetic protein pathways. [14] [15] [16] [17] [18] Moreover, ATF2 contains an N-terminal activation domain that, as for c-Jun, can be activated by several mitogen-activated protein kinases (MAPKs), which have been implicated to play an important role in immune maintenance, hence regulating immune responses. For inflammatory bowel disease, mainly Crohn's disease, the importance of MAPKs p38 and c-Jun-N-terminal kinase have been described 19 and, additionally, a single-nucleotide polymorphism Q17 in the proposed ATF2-target gene DMBT was associated with Crohn's disease. 20 Despite these observations, the role of ATF2 in the intestinal epithelium has not yet been examined. Previous studies have shown that constitutive ATF2 knockout mice complete embryonic development, but die soon after birth owing to severe multiple organ deficiencies. [21] [22] [23] ATF2 has considerable sequence similarity to ATF7, both within the N-terminal activation domain and the DNA binding/dimerization domain. 24 Furthermore, the combination of ATF2 and ATF7 deficiency in mice leads to early embryonic defects, suggesting functional redundancy of these 2 factors. 22, 24 We hypothesized that ATF2 plays a key role in the intestinal epithelium, analogous to the importance of other AP-1 family members, such as c-Jun. By generating mice that carry an intestinal epithelial-specific deletion of the DNA binding domain of Atf2 in a body-wide knockout of Atf7, we were able to examine the functional role of ATF2 and its highly homologous ATF7 in intestinal epithelial homeostasis and during damage and repair.
Results

Activated ATF2 Is Expressed Mainly in the Crypt Region of the Intestinal Epithelium
We first investigated the intestinal gene expression pattern of Atf2 and Atf7 in wild-type mice by quantitative reverse-transcription polymerase chain reaction (qRT-PCR).
Atf2 is expressed at similar levels in the colon and small intestine ( Figure 1A ), whereas expression of its close homolog Atf7 is higher in the small intestine than in the colon ( Figure 1B ). Analysis by immunohistochemistry using an antibody that detects the transcriptionally active, phosphorylated form of both ATF2 and ATF7 showed that ATF2 and ATF7 localize to the crypt region of the small intestinal epithelium, where epithelial stem cells and Paneth cells reside. Expression of activated ATF2 and ATF7 was low in the villi, which contain differentiated cells ( Figure 1C ). Activated ATF2 and ATF7 followed a similar expression pattern for the colon, where the abundance gradually decreased from the bottom of the crypt toward the luminal side ( Figure 1D ).
ATF2 and ATF7 Are Not Required to Maintain Intestinal Epithelial Homeostasis
Because we detected expression of both ATF2 and ATF7 in the small intestine and colon, we decided to simultaneously delete both genes in the intestinal epithelium. Because whole-body deletion of Atf2 is perinatally lethal but Atf7 knockout mice have no apparent abnormalities, we crossed Atf7 knockout mice with mice containing epithelial conditional deletion of Atf2 DNA-binding domain (Atf2 fl Q18 /fl ). To achieve this, we used mice with the intestinal epithelialspecific Villin-Cre ERT2 , in which recombination can be induced by intraperitoneal injection of tamoxifen. Villin-Cre ERT2 Atf2 fl/fl mice were crossed with mice with a constitutive knockout for the DNA binding domain (exon 10) of Atf7. Villin-Cre ERT2 Atf2 fl/fl Atf7 wt/wt control mice were compared with tamoxifen-induced Villin-Cre ERT2 At-f2 -/-Aft7 ko/ko mice (henceforth referred to as Atf2 wt/wt / 7 wt/wt and Atf2 -/-/7 ko/ko , respectively). After recombination, mice were closely monitored and killed at 2 time points: 7 days and 60 days after recombination (Figure 2A ). Knockout efficiency for Atf2 and Atf7 was confirmed by qRT-PCR. By using primers for the floxed exons on whole small intestinal and colon tissue, recombination was greater than 90% for Abbreviations used in this paper: AP-1, activation factor-1; ATF, activating transcription factor; c-Jun, _________; DSS, dextran sulfate sodium; ENR, _____; FITC, fluorescein isothiocyanate; GO, gene ontology; IR, ionizing radiation; Lgr5D, leucine-rich-repeat-containing G-protein-coupled receptor 5; MAPK, mitogen-activated protein kinase; mTNF-a, __________; PBS, phosphate-buffered saline; PI, propidium iodide; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; TNF-a, tumor necrosis factor-a; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; 2D, 2-dimensional .  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  Critical Mediators ATF2 and ATF7   Q1   3   235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293   294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352 both tissues ( Figure 2B and C). Atf2 -/-/7 ko/ko mice did not show any overall physical discomfort on recombination; nevertheless, the normal gain of body weight was reduced marginally after 60 days compared with Atf2 wt/wt /7 wt/wt mice ( Figure 2D ), which has been observed previously in ATF7 mutant animals. 25 Histologic analysis by means of H&E staining of the small intestine and colon did not show any major phenotypic alterations for either 7 or 60 days after recombination. Crypt depth and villus length remained unaffected in the colon (Figure 2E , upper panel) and small intestine ( Figure 2E , lower panel).
Because AP-1 transcription factors such as c-Jun are known to influence signaling pathways involved in cellular proliferation and differentiation, we next focused on examining the intestinal epithelial characteristics in Atf2 -/-/7 ko/ko mice. No change was observed in the amount and localization of proliferative cells as determined by bromodeoxyuridine Q19 (BrdU) incorporation ( Figure 3A -C). Furthermore, simultaneous deletion of Atf2 and Atf7 did not affect messenger RNA levels of stem cell marker Lgr5 ( Figure 3D and E). Goblet cell differentiation was not affected as assessed by periodic acid-Schiff staining ( Figure 3F -H) and markers of differentiated epithelial cells were not expressed differentially ( Figure 3I and J). In conclusion, ATF2 and ATF7 are not essential for maintenance of proliferation and differentiation in adult intestinal tissues under homeostatic conditions. ATF2 and ATF7 Are Required to Protect Against Epithelial Damage ATF2 contains an N-terminal activation domain that can be activated by MAPKs. 23 For inflammatory bowel disease, mainly Crohn's disease, the importance of MAPKs, such as p38 and c-Jun-N-terminal kinase, has been reported. 19 Therefore, we addressed the question of whether ATF2 and ATF7 play a role under stressed conditions. To achieve this, we used 1 models of inducing intestinal epithelial tissue injury. To damage the intestinal epithelium we exposed mice to a cycle of dextran sulfate sodium (DSS) 26 exposure and to whole-body ionizing radiation (IR). We first examined whether tissue injury and inflammation are influenced by the absence of functional ATF2 and ATF7 on exposure to DSS. Atf2 -/-7 ko/ko and Atf2 wt/wt 7 wt/wt control mice were exposed to 2% DSS in drinking water for 7 consecutive days and killed 48 hours after the last DSS exposure ( Figure 4A ). Atf2 -/-/7 ko/ko mice lost significantly more body weight ( Figure 4B ) and showed an increased disease activity score as indicated by the high colon density, edema, and visible blood, which are considered hallmarks of colitis ( Figure 4C) . Similarly, the histopathologic colitis activity score in Atf2 -/-/ 7 ko/ko mice was worsened significantly ( Figure 4D ) and the mice developed a 4-time increase Q20 in the amount of ulceration relative to the total colon length ( Figure 4E and F). Quantification of cytokines present in colon lysates reflected the worsened colitis in the Atf2 -/-/7 ko/ko mice. Specifically, intestinal proinflammatory cytokine levels, such as tumor necrosis factor-a (TNF-a), interferon-g, and interleukin 6 were increased significantly whereas levels of regulatory cytokines, such as interleukin 10, were unaltered ( Figure 4G ). These findings indicate that the simultaneous inactivation of Atf2 and Atf7 in the intestinal epithelium leads to increased sensitivity to DSS-induced colitis.
Next, we treated Atf2 -/-/7 ko/ko and Atf2 wt/wt /7 wt/wt control mice with 12 Gy whole-body IR, a sufficient dose to sensitize most of the stem cells in the small intestine. 27 At 24 hours after IR, massive apoptosis takes place of crypt epithelial cells followed by a cell-cycle arrest at 48 hours after irradiation. At approximately 96 hours after this initial epithelial damage, epithelial cells in the crypts start to hyperproliferate, resulting in hyperplastic crypts that undergo crypt fission to replace lost crypts and regenerate the epithelial layer. Therefore, we assessed the regenerative capacity of Atf2 -/-/7 ko/ko epithelium at 96 hours after irradiation and focused our analyses on colonic tissue ( Figure 5A ). Histologic analysis by means of H&E staining showed a diminished regenerative response of Atf2 -/-/ 7 ko/ko colonic crypts ( Figure 5B ). This notion was confirmed further by a significantly reduced amount of proliferative BrdU-positive cells ( Figure 5C and D).
Finally, we performed an in vitro wound healing assay by introducing a scratch on a cell monolayer generated from primary colonic epithelial cells isolated from Atf2 -/-/7 ko/ko and Atf2 wt/wt /7 wt/wt control mice and capturing images of wound closing at a regular interval by a time-lapse microscope. Recombination of 2-dimensional (2D) cultures was confirmed by qRT-PCR at the Atf2 and Atf7 DNA binding locus. Analysis of the wound closing front Q21 showed reduced efficacy of ATF2-and ATF7-deficient colonic cells in closing the wound area ( Figure 5E and F). Together these data indicate that ATF2 and ATF7 are critical mediators of intestinal repair after induced chemical, cytotoxic, and mechanical damage.
ATF2 and ATF7 Are Required to Protect Against Apoptosis and Maintain Goblet Cell Differentiation After DSS-Induced Colitis
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Critical Mediators ATF2 and ATF7 5   471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529   530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647   648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706 intestinal epithelial barrier function. To determine which of these processes are responsible for the aggravated colitis in Atf2 -/-/7 ko/ko mice, we investigated the proliferative capacity of the intestinal epithelium after DSS administration. In healthy mice the intestinal epithelium responds to pathogenic stimuli by expansion and regeneration of the epithelium. This regeneration is fueled by either surviving leucine-rich-repeat-containing G-protein-coupled receptor 5 (Lgr5þ) intestinal stem cells or other mature cell types such as secretory or absorptive committed progenitors of differentiated cell types able to convert back to Lgr5þ intestinal stem cells to aid in epithelial repair. 28 Under homeostatic conditions, the proliferation rate of epithelial cells, as assessed by BrdU incorporation, was not altered ( Figure 3A and B) . In DSS-exposed animals, epithelial proliferation was increased in the colonic crypts compared with homeostatic conditions, however, we did not observe any difference between control and Atf2 -/-/7 ko/ko mice ( Figures 3A and B compared with 6A and B, respectively). Interestingly, qRT-PCR analysis on colonic epithelial fractions showed a significant reduction of stem cell markers Cd44, Lgr5, and Ascl2 in the Atf2 -/-/7 ko/ko mice after DSS ( Figure 6C ), indicating a reduced stem cell compartment. Indeed, quantification of Lgr5 transcripts confirmed this reduction ( Figure 6D and E). In addition to the stem cell compartment, the differentiated cells seemed to be affected in Atf2 -/-/7 ko/ko mice. Goblet cells play an important role in defense against pathogenic luminal signals and their numbers are relatively depleted during DSS colitis ( Figure 1D compared with 3G). Importantly, in Atf2 -/-/7 ko/ko mice the number of goblet cells was reduced further ( Figure 6F and G). This correlated with a decrease of goblet and enteroendocrine cell markers Muc2 and ChgA expression in the epithelial fractions ( Figure 6H ). Finally, we assessed the amount of epithelial cell apoptosis in the normal colon and in the DSS colitis model. The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay, which specifically marks apoptotic cells, showed increased apoptosis Atf2 -/-/7 ko/ko mice during DSS colitis ( Figure 6I and J). In conclusion, Atf2 -/-/7 ko/ko mice express reduced stem cell markers and goblet cell numbers while showing increased apoptosis in a model of DSS-induced epithelial damage.
Recombinant TNF-a Reduces Viability of ATF2and ATF7-Deficient Colonic Epithelium In Vitro
TNF-a plays a pleiotropic role in the intestinal mucosa with both protective and proapoptotic effects. We hypothesized that epithelial cells in Atf2 -/-/7 ko/ko mice are more sensitive to the proapoptotic epithelial effects of TNFa and other proapoptotic mediators that are released during inflammation and that such sensitivity could play an important role in increased susceptibility to DSS colitis in Atf2 -/-Atf7 ko/ko mice. To investigate this hypothesis, we used colonic epithelial organoids. Recombination was monitored at the Atf2 and Atf7 DNA binding locus by qRT-PCR ( Figure 7A ). As expected, both Atf2 wt/wt Atf7 wt/wt and Atf2 -/-/7 ko/ko organoids were able to grow and could be stably cultured for multiple passages. However, we observed that growth and size of Atf2 -/-/7 ko/ko organoids was mildly restricted ( Figure 7B and C). Remarkably, this growth retardation did not seem to rely on an altered proliferative capacity or reduced stemness because EdU Q22 incorporation and stem cell marker expression using qRT-PCR showed no change in Atf2 -/-/7 ko/ko organoids compared with controls ( Figure 7D and E). We next challenged the organoids with recombinant murine TNF-a. Organoids were reseeded and cultured for 3 days. Then, TNF-a was administered for 12 hours followed by 30 minutes of propidium iodide (PI) incubation to determine viability. Indeed, Atf2 -/-/7 ko/ko organoids were more sensitive to TNF-a-induced cell death as assessed by microscopic analyses of viability ( Figure 7F ) and PI uptake ( Figure 7G ). These results suggest that the increased ulceration observed in Atf2 -/-/7 ko/ko mice to DSS colitis can be attributed at least partially to increased epithelial sensitivity to apoptotic cell death.
TNF-a Induces Apoptotic and Inflammatory Pathways in AT2-and ATF7-Deficient Background
To further examine the changes that underlie the increased sensitivity to apoptosis and impaired regenerative response observed in ATF2-and ATF7-deficient mice, we performed genome-wide expression analyses. We treated both colon organoids generated from Atf2 -/-/7 ko/ko and control Atf2 wt/wt /7 wt/wt mice with 50 ng/mL recombinant TNF-a for 12 hours. Principal component analyses of this multidimensional data set showed that although the global expression profile of unchallenged Atf2 wt/wt /7 wt/wt and Atf2 -/-/7 ko/ko was indistinguishable, the response to TNF-a treatment was distinct ( Figure 8A ). To assess the differences and similarities to the TNF-a response we performed a differential gene expression analysis. Of approximately 450 genes that were up-regulated (P < .05; fold change, >1.5) in colon organoids of both genotypes treated with recombined 
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Critical Mediators ATF2 and ATF7 7   707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765   766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824 TNF-a, 225 genes were in common between Atf2 wt/wt /7 wt/wt and Atf2 -/-/7 ko/ko . However treatment with recombinant TNF-a induced a distinct response in Atf2 -/-/7 ko/ko -deficient organoids that consisted of 99 genes significantly up-regulated on TNF-a treatment specifically. More detailed analysis of this response showed genes involved in inflammation such as Il17 and Il7, and involved in apoptosis such as Irak2, Blc10, and Parp ( Figure 8C ). Gene ontology (GO) web 4C=FPO 825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883   884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940  941  942  943  944  945  946  947  948  949  950  951  952  953  954  955  956  957  958  959  960  961  962  963  964  965  966  967  968  969  970  971  972  973  974  975  976  977  978  979  980  981  982  983  984  985  986  987  988  989  990  991  992  993  994  995  996  997  998  999  1000  1001 analysis of all differentially expressed genes between Atf2 wt/wt /7 wt/wt and Atf2 -/-/7 ko/ko colonic organoids showed predominant changes in canonical pathways related to the inflammatory response and brush-border membrane, which are important processes for sensitivity to DSS ( Figure 8D ).
Intestinal Barrier Function Is Not the Predisposing Factor for DSS Sensitivity in Atf2 -/-/ 7 ko/ko mice Because GO profiles identified brush-border membrane function as a significantly changed alteration between control and Atf2 -/-/7 ko/ko organoids after TNF-a treatment, we decided to examine if ATF2 and ATF7 play a role in barrier function under homeostatic conditions. Such diminished barrier function could be an additional reason Atf2 -/-/7 ko/ko mice would be predisposed to having more severe colitis. To examine this possibility, we performed a functional fluorescein isothiocyanate (FITC) dextran assay and assessed intestinal permeability in unchallenged mice ( Figure 9A ). After in vivo recombination, followed by a recovery phase, mice were fasted and subsequently orally gavaged with FITC dextran. Four hours after gavage, FITC serum levels were determined as a readout for intestinal permeability. Serum FITC levels were not different between the experimental groups, showing that there was no impairment of the intestinal barrier function in Atf2 -/-/7 ko/ko mutant mice. Therefore, it is unlikely that reduced epithelial barrier function was a predisposing factor for the increased sensitivity to DSS-induced epithelial damage and colitis ( Figure 9B ). In support, no differences could be observed in the abundance of tight junction complex proteins ZO Q23 -1 and E-cadherin, as assessed by immunostaining ( Figure 9C and D). In addition, there was no change between Atf2 -/-/ 7 ko/ko and control mice in gene expression levels of tight junction proteins ( Figure 9E ), as assessed by qRT-PCR, or in tight junction morphology, as assessed by electron microscopy ( Figure 9F and G) . These data suggest that there are no changes in intestinal epithelial barrier function after deletion of Atf2 and Atf7 in homeostatic conditions.
Discussion
In this study we show that the functionally homologous AP-1 transcription factors ATF2 and ATF7 are dispensable for homeostatic turnover of the intestinal epithelium but are critically required to sustain sufficient epithelial repair upon damage.
To investigate the role of ATF2 and ATF7 in the adult intestine, we used Atf7 mutant mice and crossed them with mice in which we could specifically induce deletion of the DNA binding domain of Atf2 in the intestinal epithelium. In contrast to the severe phenotype observed in Atf2 mutant mice during embryonic development, 22, 24 intestinal epithelial deletion of ATF2 and ATF7 did not lead to an overt phenotype in the unchallenged adult intestine. However, on DSS-induced epithelial injury and irradiation, these mice showed substantially increased colonic ulceration and reduced regenerative capacity, respectively.
The intestinal epithelium is a highly regenerative tissue that is able to overcome damage after an insult through several adaptive mechanisms such as a rapid induction of epithelial proliferation after loss of surface epithelial cells, the protection of epithelial cells against apoptosis, efficient closure of the wounded surface area, and a well-balanced inflammatory response that resolves as the epithelial barrier is restored without turning the original insult into a chronic inflammatory state. 29, 30 The aggravated epithelial damage on exposure to a damaging agent such as DSS and whole-body irradiation in the Atf2 -/-/7 ko/ko animals was associated with substantially increased epithelial damage and decreased regenerative capacity, respectively. This suggested that ATF2 and ATF7 may be required to protect the intestinal epithelium from excessive cell death during damage and ensure adequate epithelial repair. Indeed, when we cultured Atf2 and Atf7 double-mutant epithelial cells in vitro in organoid cultures, we observed enhanced sensitivity to recombinant TNF-a-mediated cell death. Gene array analysis showed that genes associated with inflammatory and apoptotic responses were among up-regulated genes in response to TNF-a treatment, specifically in the Atf2 -/-/7 ko/ko background. Interestingly, GO analysis identified brush-border membrane alterations among the most significantly changed GO terms between control and Atf2 -/-/ 7 ko/ko organoids after TNF-a treatment. This suggested that ATF2 and ATF7 deficiency might have an effect on tight junction complexes, hence predisposing Atf -/-Atf7 ko/ko mice to more severe colitis. However, we found no evidence to support this hypothesis.
Mice that have a body-wide deletion of both Atf2 and Atf7 do not survive embryogenesis because of severe developmental abnormalities in the liver and heart. 24 It was found that the liver abnormalities result from increased hepatocyte apoptosis caused by excess p38 MAPK activation. In addition, ATF2 is required for the transcriptional regulation of MAPK phosphatases that are required to limit p38 MAPK activation. 31 We examined p38 MAPK phosphorylation in our mutant mice, but did not observe any noticeable difference between wild-type and mutant animals (data not shown). In support of this, we find no evidence for altered MAPK pathway genes from global expression analyses after combined ATF2 and ATF7 deletion.
The excess epithelial apoptosis in mutant animals was coupled to an epithelial proliferative response that was comparable with control animals. Of note, although the rate of proliferation was similar between mutant animals and controls, this suggests that the proliferative response was not able to compensate for the increased rate of apoptosis in mutant animals, which suggests a relatively diminished capacity for epithelial regeneration in addition to the excessive apoptosis. This could fit well with the reduced expression of stem cell markers Lrg5 and Ascl2 observed in mutant animals in vivo. In addition to the impaired response to epithelial damage after a challenge with DSS, we observed a similar defective regenerative response after irradiation in vivo and when culturing mutant organoids in vitro. When we cultured Atf2 and Atf7 double-mutant organoids in vitro, they consistently showed a mild growth retardation compared with wild-type organoids. This corresponds to the fact that the epithelium in organoid culture is not in a state of homeostasis but constantly expanding and therefore thought to be more reflective of a situation of epithelial repair. 32, 33 In addition, when culturing the epithelial cells in a 2D structure, Atf -/-Atf7 ko/ko organoids showed impaired epithelial regeneration upon mechanical damage.
An additional factor that may have contributed to the severe inflammation in Atf2 and Atf7 mutant animals is the inability to sustain the appropriate generation of goblet cells. Goblet cells are the source of the highly glycosylated mucin 2, which forms the protective intestinal mucus layer.
The key role of mucin 2 in protection against epithelial damage is evident from the fact that mucin 2 mutant animals spontaneously develop colitis. 34 Unfortunately, whether the increased loss of goblet cells shown in Atf -/-Atf7 ko/ko mice is a cause or consequence of the increased epithelial damage upon DSS treatment was not elucidated in our experiments.
Together our observations suggest that ATF2 and ATF7 are required to protect the epithelial layer against excessive damage upon damaging stimuli, and couple surface epithelial loss to a proportionate proliferative response and a decrease in secretory goblet cells providing an epithelial protective layer.
Material and Methods
Animals
For all experiments, C57BL/6, Villin-CreERT2 mice 35 were crossed with Atf2 fl/fl -Atf7 ko/ko24 mice to generate Villin-CreERT2-Atf2 fl/fl -Atf7 ko/ko animals. All animals were housed at the Animal Research Institute of the Academic Medical Center Amsterdam. All experiments were approved by the relevant local ethical committees. Activation of CreERT2 and thus induction of the respective gene manipulations was performed by intraperitoneal administration of 1 mg tamoxifen (Sigma Q24 -Aldrich) for 5 consecutive days. Mice were killed on day 7 (n ¼ 7) and day 60 (n ¼ 10) after recombination. Body weights were measured repeatedly. Small intestine and colon were removed from mice, flushed with cold phosphate-buffered saline (PBS), opened longitudinally, and fixed in 4% formaldehyde solution. Colons were fixed as "Swiss Q25 rolls." Before fixation, the length and weight of small intestine and colon was determined.
Colitis Induction
Drinking water was supplemented with 2% DSS (Sigma Aldrich) for 7 days, followed by 2 days of regular drinking water. Mice (n ¼ 12 per group) were killed 9 days after initial DSS administration, with intraperitoneal BrdU administration 2 hours before killing. Body weights were measured daily during DSS administration. Water consumption was monitored by eye per cage. Water bottles were filled daily with 50 mL DSS-H 2 O and checked for volume every refreshment. We did not observe differences between both study groups when corrected for mouse per cage, intake was approximately 3-4 mL per mouse (3 or 4 mice per cage). Colons were removed from mice, scored for the presence of feces and blood, flushed with ice-cold PBS, opened longitudinally, and fixed in 4% formaldehyde solution. Colons were fixed as Swiss rolls. Before fixation, colon length and weight were determined. A standardized scoring system was used to assess the severity of colitis both clinically and histopathologically. 36 Q26 Table 1 shows a detailed description of the scoring system.
Irradiation
Mice were irradiated with 12 Gy (n ¼ 11 per group), 14 days after tamoxifen recombination. Ninety-six hours after irradiation mice were killed with intraperitoneal BrdU administration 2 hours before death. Colons were removed from mice flushed with ice-cold PBS, opened longitudinally, and fixed in 4% formaldehyde solution. Colons were fixed as Swiss rolls and analyzed for proliferation by means of BrdU incorporation.
Measurement of Intestinal Permeability
To determine intestinal permeability in vivo, mice were starved for 6 hours and FITC dextran (FD4; Sigma) was administered by oral gavage (44 mg/100 g body weight). After 4 hours, mice were killed and blood was collected by cardiac puncture. Serum was separated from whole blood using BD Microtainer SST Tubes (365968; BD Q27 ), diluted with an equal volume of PBS (pH 7.4), and 100 mL of diluted serum was added to a black 96-well microplate. The concentration of FITC in serum was determined by spectrophotofluorometry, with an excitation of 485 nm and an emission wavelength of 528 nm, using serially diluted FITC dextran as standard.
Immunohistochemistry
Tissue was fixed in 4% ice-cold formalin and embedded in paraffin. Sections of 4-mm thickness were deparaffinized in xylene and rehydrated. Endogenous peroxidase was blocked using 0.3% H 2 O 2 in methanol for 30 minutes. The following methods of antigen retrieval were used: sodium citrate (slides were cooked at 100 C for 20 minutes in 0.01 mol/L Q28 sodium citrate, pH 6); Tris/EDTA (slides were cooked at 100 C for 20 minutes in a Tris/EDTA buffer, 10 mmol/L Tris, 1 mmol/L EDTA, pH 9.0); and proteinase K (slides were incubated with proteinase K [S302030; Dako Q29 ] for 5 minutes at room temperature). After antigen retrieval slides were blocked in PBS using 0.1% Triton Q30 X-100 and 1% bovine serum albumin for 30 minutes, followed by incubation overnight at 4 C with a primary antibody in PBT Q31 . The following antibodies were used: pATF2/7 (9221S, 1:500 Q32 ), anti-BrdU BMC9318 (1:500; Roche), E-cadherin (610181; BD Biosciences), and ZO-1 (40-2200; 1:1000). Antibody binding was visualized using Powervision horseradish-peroxidase-labeled secondary antibodies from Immunologic or biotinylated anti-rat (E0468; Dako) and streptavidin/ horseradish-peroxidase (P039701; Dako) and diaminobenzidine (Sigma) for substrate development. All sections were counterstained with Mayer's hematoxylin.
For immunofluorescence, slides were incubated for 1 hour using fluorescently labeled secondary antibodies (all Alexa Fluor secondary antibodies were from Invitrogen Q33 ), diluted 1:500 in PBS with 0.1% Triton X-100 and 1% bovine serum albumin at room temperature. Slides were washed and mounted with Slowfade Gold Antifade reagent with 4 0 ,6diamidino-2-phenylindole (s36938; Invitrogen). Images were obtained on a Leica DM6000 Digital Microscope equipped with LAS AF Software (Leica, Wetzler, Germany). For analysis, the software program ImageJ (available from: www.rsbweb.nih.gov/ij; National Institutes of Health, Bethesda, MD) was used.
RNAscope in situ hybridization was performed according to the manufacturer's protocol (Advanced Q34 Cell Diagnostics, Europe SRL). The single-plex RNAscope probes against mouse Lgr5 (312171; Advanced Cell Diagnostics) were used.
TUNEL Assay
Apoptosis was detected in paraffin-embedded colon samples using the Fluorescein In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instructions. Images were taken with a Leica DM6000 Digital Microscope equipped with LAS AF Software (Leica), using appropriate fluorescence filters. Positive TUNEL cells were counted per microscopic field.
Organoid Culture and Viability
Isolation and culture of intestinal crypts were performed as described previously, 32 with adjustments made for colon tissue. In short, distal colon tissue, approximately 2 cm, was collected, from Atf2 -/-/7 ko/ko and Atf2 wt/wt / 7 wt/wt mice, immediately after death. The tissue was cut open longitudinally, gently scraped with a coverslip, and washed with ice-cold PBS, and then incubated with 2 mmol/L EDTA in PBS on a rotating wheel. Residual debris was removed by gentle shaking, and the debris-containing supernatant was removed and replaced with cold PBS. This procedure was repeated until the supernatant was clear. After passing the supernatant through a cell strainer and centrifuge, the pellet was resuspended in 20 mL Matrigel (BD Biosciences) at a desired crypt density and plated in a 48-well plate. A total of 250 mL ENR medium was added, supplemented with 5 mmol/L glycogen synthase kinase-3 inhibitor CHIR-99021 Q36 . Growth was assessed 3 days after repassaging organoids by measuring the perimeter and area surface using ImageJ software. To assess proliferation, we used the Click-iT EdU Flow Cytometry Assay kit (Thermo Fisher Scientific Q37 ). First, EdU (20 mmol/L) was added on day 3 of colon organoid culture for 4 hours, then organoids were harvested and trypsinized. Subsequently, we followed the steps described in the manufacturer's protocol. We analyzed the cells with Flow Cytometry using 633-/635-nm excitation and a 660-/20-nm bandpass emission filter. For the recombinant mTNF Q38 -a exposure assay, colonic epithelial organoids plated in a 48-well plate were photographed and counted before and after treatment with recombinant mTNF-a at the budding stage after 2-3 days of culture using identical microscopic settings. A minimum of 100 crypts were counted over 2 culture wells (48-well plate), and defined as viable or dead by their morphologic appearance in the bright-field microscope and a nonviable/viable ratio was determined. mTNF-a was supplemented to culture medium in different concentrations for 12 hours to colon organoids. After 12 hours, the viability ratio again was determined and compared with pretreatment. Then, PI was added for 30 minutes to culture medium, and PI abundance subsequently was determined with a Leica DM6000 Digital Microscope equipped with LAS AF Software using appropriate fluorescence filters.
Electron Microscopy
Organoids of the small intestine and colon were harvested from Atf2 -/-/7 ko/ko and Atf2 wt/wt /7 wt/wt mice, immediately after 5 days of recombination and fixed in McDowell fixative containing 4% paraformaldehyde and 1% glutaraldehyde in 0.1 mol/L phosphate buffer. Organoids were postfixed with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) in cacodylate buffer. Subsequently, the samples were dehydrated in an alcohol series and embedded in epon (LX-112 resin; Ladd Research, Williston, VT). Then, 80-nm epon sections were cut and collected on formvar-coated grids, counterstained with uranyl acetate and lead citrate. Sections were examined using a Tecnai-12 G2 Spirit Biotwin electron microscope (Thermo Fisher, Eindhoven, The Netherlands), and images were taken using a Veleta camera with Radius software (EMSIS, Münster, Germany).
RNA Isolation, Complementary DNA Synthesis, and qRT-PCR
Intestinal tissue was lysed in 1 mL Q39 TRIzol and homogenized using small iron round balls. RNA extraction was performed according to the manufacturer's instructions. RNA from primary cells was harvested directly from the intestinal mucosa or from organoids was isolated Q40 using the RNAeasy mini kit (Qiagen Q41 ). For complementary DNA synthesis, 1 mg RNA was transcribed using Revertaid (Fermentas). qRT-PCR was performed using SybrGreen (Roche) according to the manufacturer's protocol. Reference genes used for normalization according to the DCt Q42 method are as follows: in the homeostasis model for whole tissue we used 36B4 and RPL32 as reference genes for colon and 36B4 and Gapdh as reference genes for small intestine. In the DSS model we used HPRT and RPL4 as reference genes and for the organoid cultures we used 36B4 and Ppib as reference genes. Table 2 lists the primer sets used.
Cytokine Bead Array
Intestinal tissue was weighed and homogenized (100 mg tissue/mL) in cell lysis buffer (Cell Q43 Signaling Technology) with protease inhibitors (Roche) using Precellys tissue homogenizer tubes (Bertin Technologies, France). For cytokine bead array, the BD Cytometric Bead Array Mouse Cytokine Kit (560485; BD Q44 Company) was used according to the manufacturer's protocol. Concentrations in tissue lysates were corrected for total protein content as measured by BCA (Pierce). The concentration of cytokines were determined by sandwich enzyme-linked immunoassay kit (DY460; R&D Systems).
Microarray
Colon organoids generated from Atf2 -/-/7 ko/ko and Atf2 wt/wt /7 wt/wt mice were plated in a 48-well plate. Per each organoid line, 8 wells were refreshed with ENR supplemented with mTNF-a at a concentration of 50 pg/mL and 8 wells were refreshed in normal ENR. After 12 hours, organoids were harvested for RNA isolation. RNA was isolated using the Bioline ISOLATE II RNA Mini Kit (BIO-52073; Bioline Q45 ) according to the manufacturer's instructions. RNA quality was measured on an Agilent 2100 Bioanalyzer, and only samples with a RNA integrity number higher than 9 were included. For transcriptome profiling, 400 ng RNA was amplified and labeled using a 3 0 IVT Nano Kit (Applied Biosystems) and an RNA Amplification Kit (Nugen) according to the manufacturers' protocols. Microarray analysis of organoids was performed using an Affymetrix Clariom D 8-Array HT Plate according to the standard protocols of the Dutch Genomics Service and Support Provider (MAD, Science Park, University of Amsterdam, Amsterdam, The Netherlands). The data were uploaded and normalized using R2: Genomics Analysis and Visualization Platform (available from: http://hgserver1.amc.nl). Differentially expressed genes were analyzed using Taq analysis and R2 software and selected based on fold change (1.5), and a P value less than .05 in comparison with the control group.
Wound Healing (Scratch) Assay
Three-dimensional colon organoids were disrupted mechanically in cold advanced Dulbecco's modified Eagle medium to remove Matrigel. Subsequently, the pellet was resuspended in TrypLE (TrypLE Express, cat. 12605-010; Life Technologies Q46 ) for 10 minutes at 37 C to obtain single cells. After counting, cells were plated at 200,000/well in ENR medium supplemented with CHIR-99021 (5 mmol/L; Axon) and Rhok inhibitor (3.4 mg/mL, Y-27632 dihydrochloride monohydrate; Sigma). After 24 hours of culture, cells were washed once with basal medium and refreshed with ENR medium supplemented with CHIR-99021 (5 mmol/L). Single cells then were seeded in a 12-well plate, precoated with Matrigel, and grown in a 2D monolayer. Once full confluence was reached, 2 scratches per well were made with a p10 Q47 pipet tip. Cell migration was filmed overnight with a Leica DMi8 inverted microscope, fitted with a humidified culture chamber maintained at 37 C, and the covered areas were quantified with ImageJ software.
Statistics
Statistical analysis was performed using Prism 7.0 (GraphPad Software, La Jolla, CA). All values are represented as the means ± SEM. Results were analyzed using the Student t test, the Mann-Whitney test, or 1-way analysis of variance followed by the Bonferroni posttest as indicated throughout the figure   Q48 legends. Differences were considered statistically significant at a P value less than .05. 
